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Inwardly rectifying K+ channels (Kir) comprise seven subfamilies that can be subdivided further on the basis of cytosolic pH (pHi) sensitivity,
rectification strength and kinetics, and resistance to run-down. Although distinct residues within each channel subunit define these properties,
heteromeric association with other Kir subunits can modulate them. We identified such an effect in the wild-type forms of Kir4.2 and Kir5.1 and
used this to further understand how the functional properties of Kir channels relate to their structures. Kir4.2 and a Kir4.2–Kir5.1 fusion protein
were expressed in HEK293 cells. Inward currents from Kir4.2 were stable over 10 min and pHi-insensitive (pH 6 to 8). Conversely, currents from
Kir4.2–Kir5.1 exhibited a pHi-sensitive run-down at slightly acidic pHi. At pHi 7.2, currents in response to voltage steps positive to EK were
essentially time independent for Kir4.2 indicating rapid block by Mg2+. Coexpression with Kir5.1 significantly increased the blocking time
constant, and increased steady-state outward current characteristic of weak rectifiers. Recovery from blockade at negative potentials was voltage
dependent and 2 to 10 times slower in the homomeric channel. These results show that Kir5.1 converts Kir4.2 from a strong to a weak rectifier,
rendering it sensitive to pHi, and suggesting that Kir5.1 plays a role in fine-tuning Kir4.2 activity.
© 2006 Elsevier B.V. All rights reserved.Keywords: Inward rectifier; Channel kinetic; Mg2+ block and unblock; pH sensitivity; Heteromeric channel1. Introduction
Kir4.2 channels are expressed in a variety of transporting
epithelial within the kidney [8,18,32,37], liver [10,25], pancreas
[28], bladder, stomach and lung [36], and an airway mucosal
cell line [39]. Like the closely related Kir4.1, Kir4.2 can form
functional homotetramers, or heterotetramers with Kir5.1 [25].
However, whereas Kir4.1 activity is significantly affected by
Kir5.1, Kir4.2 is much more resistant to modulation by Kir5.1.
The effect of cytosolic pH (pHi) on Kir4.0 sub-family members
expressed with or without Kir5.1 has received most attention.
Specifically, Kir4.1 activity shifts from an essentially pHi-
independent channel to one which is half inactivated at
physiological values (pH 7.4) when coexpressed with Kir5.1
[28,35,41,44]. K+ loss through open Kir channels would be
minimized under weakly acidic conditions in cells expressing⁎ Corresponding author. Hotel Dieu Hospital, 166 Brock Street, Kingston, ON,
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conveying to them a physiological advantage. In contrast,
Kir4.2 activity exhibits only a 0.6 pH alkaline shift in its activity
versus pHi profile, from pH 7 to 7.6, when expressed with
Kir5.1 [28], leading to a more speculative role for Kir5.1 in
Kir4.2-expressing cells. Nevertheless, the residues involved in
pHi sensing in Kir channels, such as the Inner Helix acidic
residues [42] and the ‘RKR triad’ [30], are identical in Kir4.1
and Kir4.2. These seemingly contradictory observations led us
to assess how Kir5.1 affects other properties of Kir4.2.
Much functional and recent structural evidence from site-
directed mutagenesis and chimera studies has permitted
identification of specific residues and regions of tetrameric Kir
channels that are involved in rectification, pHi sensitivity, and
run-down. For instance, the degree of rectification results from
the presence or absence of acidic residues at key sites in the
second transmembrane domain, or Inner Helix, and to a lesser
extent, two sites in the cytoplasmic domain [13,21,33,34,38,43].
Structural domains referred to here are based on the crystal
structures of Kir3.1 and KirBac1.1 [14,23]. As the most
Fig. 1. Western blot showing expression of Kir4.2 monomers and Kir4.2–Kir5.1
dimers in HEK293 cells. Cells were transfected with a plasmid expressing
EGFP, and, under a separate promoter either rat Kir4.2 or a tandem dimer of rat
Kir4.2 and Kir5.1. Fifty μg of solubilized membrane protein from HEK cells
incubated for 48 h following transfection were electrophoresed, transferred to
PVDF membrane and blotted with antibody raised against a C-terminal 170
residue peptide of Kir4.2. Outer lanes are marker protein, inner lanes are
membranes from HEK cells expressing Kir4.2 (left) and Kir4.2–Kir5.1 (right).
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Kir 2.1 and Kir1.1 succinctly illustrate this work. For example,
D172 in the Inner Helix of Kir2.1 is filled by a neutral residue in
the equivalent position of the weak rectifier Kir1.1 (N171).
Mutation of Kir1.1 (N171D) or Kir2.1 (D172N) converts the
former to a strong rectifier and weakens rectification of Kir2.1
[21,38]. Similarly, pHi sensitivity has been localized to three
basic residues that together form the ‘RKR’ triad. A lysine in the
Outer Helix appears to be mandatory for Kir channels to sense
pHi within the physiological range (6.8 to 7.5) as the activity–
pHi relationship shifts to more acid values in channels that do
not have this residue (e.g., Kir2.1) or in which it has been
mutated [4]. Lastly, run-down is correlated with the loss of the
phospholipid, PIP2, from the plasma membrane [12]. PIP2
depletion shifts pHi sensitivity to more alkaline values [17],
demonstrating a functional association between run-down and
pHi sensitivity. PIP2 affinity is lower in Kir channels,
including Kir1.1, 4.1 and 4.2, and 5.1, having a ‘PIP2 silent
site’ in which the Slide Helix arginine is replaced by a neutral
residue [31].
Here we report that coexpression of Kir5.1 with Kir4.2
significantly affects the sensitivity of Kir4.2 to pHi, resulting in
profound changes in rectification properties and stability. In the
presence of Mg2+, an endogenous inducer of inward rectifica-
tion and lipid phosphatase activation, Kir5.1 increases the rate
of run-down of Kir4.2 at pHi levels below neutrality. At pH 7.2
the heterotetramer is a weaker rectifier than the Kir4.2
homotetramer, and kinetic analysis identifies this as a
consequence of both slower block and faster unblock by Mg2+.
Our results demonstrate that the native Kir4.2 and Kir5.1
proteins, which contribute different proportions of residues
identified to be involved in pHi-sensitivity, rectification and
run-down to the homo- and heterotetrameric channels, agrees
with results obtained from mutation studies on the more
thoroughly studied homomeric weak and strong rectifiers Kir1.1
and Kir2.1 and extend our understanding of the structure–
function relationships of heterotetrameric Kir channels.
2. Materials and methods
2.1. Channel constructs and expression in HEK293T cells
An isoform of Kir4.2, bearing 30 additional residues at its N-terminus as
compared with other Kir4.2 isoforms, was cloned earlier from rat hepatocyte
mRNA [10]. Kir5.1 was cloned from the same cells by RT-PCR using a proof-
reading Taq polymerase and primers based on the published 5’ and 3’ termini of
this protein's coding sequence cloned from rat kidney cDNA [29]. The Kir4.2–
Kir5.1 fusion construct was made using PCR to insert an MluI restriction site in
place of the stop codon of Kir4.2, and immediately 5’ to the start codon of
Kir5.1. Ligation of the MluI-digested open reading frames introduced a
threonine and an arginine residue at this juncture. The correct fusion was
confirmed by sequencing across the join. A Kir4.2–Kir4.2 fusion construct was
prepared in the same manner to serve as a control for non-specific effects of the
fusion process on channel activity. The open reading frame of Kir4.2 or Kir5.1,
or the fusion construct was ligated into the multiple cloning site of pCMS-EGFP
(Clontech, Mountain View, CA). HEK293T cells at 85% confluency were
dissociated with 0.05% trypsin and 0.02% EDTA and plated out at 10% density
into fresh medium (DMEM containing 10% fetal calf serum, 2 mM glutamine
and penicillin/streptomycin) in T-25 tissue culture flasks for Western blotting or
onto sterile glass coverslips in 35 mm Petri dishes for electrophysiologicalexperiments [10]. After 24 h the cells were transfected with a complex of
Fugene6 (Roche Biochemicals) and plasmid (3 μg/plate). For electrophysiolo-
gical experiments cells were transferred 20 h later to 28 °C to stimulate protein
synthesis and decrease cell proliferation. Cells were used for electrophysiolo-
gical experiments 1 to 3 days later.
To confirm channel integrity membranes were extracted from cells 48 h
following transfection as previously described [10]. Following solubilization in
2% SDS/Laemmli buffer, samples were sequentially incubated for 15 min at
50 °C, 30 min at 20 °C and 15 min at 50 °C. Extracts (50 μg per lane) were
separated by 12% SDS-PAGE, transferred to PVDF membrane by semi-dry
elution and blotted with an antibody generated to the C-terminal 170 residues of
Kir4.2 [10]. Antigen was visualized using NBT-BCIP as substrate for the
alkaline phosphatase-conjugated secondary antibody. Fig. 1 demonstrates that
HEK293T cells transfected with either the Kir4.2 [10] or the Kir4.2–Kir5.1
construct expressed intact peptides. HEK293T cells do not express detectable
endogenous Kir4.2 protein [10].
2.2. Electrophysiology
Cells were bathed in a K+-rich physiological saline (in mM, 115 KCl, 30
NaCl, 5 glucose, 5 HEPES, 1 CaCl2, 1 MgSO4, pH 7.4). Patch pipettes (2–
5 MΩ) made from borosilicate glass (Warner Instrument Corp., Hamden, CT,
#G85165T-4) were filled with, in mM, 140 KCl, 1 MgSO4, and 1 EGTA. The
pipette solutions were buffered in 0.6 unit increments between 6.0 and 7.8 using
5 mMMES (pK 6.1) at pH 6.0 or 5 mM HEPES (pK 7.4) at pH 6.6 to 7.8. Patch
clamp recordings were made in the whole-cell configuration using an Axopatch
200A amplifier (Axon Instruments, Foster City) and Clampex 7 software as
described previously [11]. To assay current run-down 400 ms voltage ramps
between +150 and −150 mV were applied at 1 min intervals (holding potential
0 mV) for 9 min. Steady-state current and Mg2+ block and unblock kinetics were
calculated from current transients in response to 200 ms steps between −150 and
+135 mV (15 mV increments) from holding potentials of −100, 0 and +100 mV.
Voltage dependence of rectification was determined from the amplitude of the
deactivation current upon stepping to a final level of +60 mV. Currents were
digitized (Digidata 1200B) at 5 kHz prior to offline analysis using pClamp 6
software (Clampfit, Axon Instruments) and Origin 7.5 (OriginLab Corp.,
Northampton, MA). Block and unblock kinetics were calculated from current
traces fitted to single or double exponential functions. Fits were initiated 1.5 ms
after stepping to the new voltage in order to reduce the contribution of the
capacitance transient.
Fig. 2. Effect of altering pHi on whole-cell Kir4.2 and Kir4.2–Kir5.1 currents
recorded from HEK293 cells at 1 min of dialysis. A, currents in cells expressing
Kir4.2 (dashed line) or Kir4.2–Kir5.1 (solid line) were recorded in response to a
400 ms voltage ramp from +150 mV to −150 mV 1 min following attainment of
the whole-cell configuration. Cells were bathed in and dialyzed with K+-rich
media (see Materials and methods). The intracellular medium was buffered to
pH 7.2 (A), or to the indicated pH values between pH 6.0 and 7.8 (B). B, current
amplitude at −150 mV was pooled from n cells (as indicated in brackets) for
each condition and the mean±SD plotted as a function of pHi. None of these
were significantly different from any other group. Open bar, Kir4.2; hatched bar,
Kir4.2–Kir5.1.
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dimer were identical to those from cells expressing the Kir4.2 monomeric
protein. We also attempted to identify fusion construct-like currents in cells
expressing Kir4.2 and Kir5.1 from separate pCMS-EGFP plasmids. Even with a
500:1 (w:w) ratio of Kir5.1 to Kir4.2 currents were identical to Kir4.2 monomer
transfectants. In both of these respects Kir 4.2 behaves similarly to its closely
related channel, Kir 4.1 [29,37].
2.3. Statistics
Whole-cell currents were recorded from a minimum of six cells per
condition. Representative current records are illustrated. Where applicable the
Student's t test was performed on pooled data from n cells (±SD) as indicated in
the legends to figures. A P value of <0.05 was considered significant.
3. Results
3.1. Kir5.1 renders Kir4.2 sensitive to physiological pHi
Intracellular pH (pHi) at physiological levels is a significant
modulator of the activity of a subgroup of Kir channels,
including members of the Kir4 subfamily [37,41,44]. Currents
from both Kir4.2 and a Kir4.2–Kir5.1 fusion protein are equally
inhibited by mild intracellular acidification when expressed in
Xenopus oocytes [28]. In contrast, inwardly rectifying K+
currents in Calu-3 cells expressing message for Kir4.2 but not
for Kir4.1 or Kir5.1 are much less sensitive to intracellular pH
(pHi) between 6 and 8 [39]. Hence we wished to determine the
responsiveness of Kir4.2 homotetramers and Kir4.2–Kir5.1
heterotetramers to pHi in a mammalian expression system.
Voltage ramps from +150 to −150 mV produced large inward
currents negative to EK (−5 mV) in both Kir4.2- and Kir4.2–
Kir5.1-transfected HEK293T cells dialyzed with a solution
titrated to pH 7.2 (Fig. 2A). To facilitate comparison, current
was expressed as a fraction of the current at −150 mV. Note that
outward current through Kir4.2–Kir5.1 (solid line) exhibits an
overshoot between 0 and +45 mV and sag between +150 and
+140 mV from a significantly larger current at +150 mV.
Conversely, outward Kir4.2 current (dashed line) displays a
monotonic increase between 0 and +150 mV. Although the
shape of the current trace in response to the voltage ramp was
consistent with those shown in Fig. 2A, the current amplitudes
varied considerably from one cell to the next, presumably a
result of different transfection levels and time from transfection.
Therefore, to compare the effects of pHi on homo- and
heteromeric channels, cells were dialyzed with solutions titrated
to pH 6.0, 6.6, 7.2 or 7.8 for 1 min and inward current at
−150 mV was pooled from at least seven cells at each pH. Fig.
2B depicts pooled currents at −150 mV in Kir4.2 (open bars)
and Kir4.2–Kir5.1 (hatched bars) at the four different
intracellular pH values. None of the conditions resulted in
significant differences in mean current.
Many Kir channels run down or inactivate over several
minutes under whole-cell patch electrode dialysis or excision
into defined media. To assess whether this might explain the
apparent lack of effect of pHi on both Kir4.2 and Kir4.2–Kir5.1
currents recorded 1 min following attainment of the whole-cell
configuration, voltage ramps were applied 1 min apart for
9 min. Fig. 3A shows that when pHi was 6.6, Kir4.2 currents at−150 mV were stable over 9 min, whereas the heteromeric
channel fully decayed over the same time period. The time
course of the pooled data (Fig. 3B) shows that Kir4.2–5.1
decays with a time constant of 4.8±0.6 min at pHi 6.6. At pHi
7.8 the Kir4.2–Kir5.1 currents are not significantly different
from the monomeric channels, which demonstrated little run-
down over the 9 min recording time.
3.2. Kir5.1 alters the instantaneous and steady-state properties
of Kir4.2
Inward rectification, the property of conducting less outward
current than inward current, occurs because at potentials
Fig. 4. Co-expression of Kir4.2 with Kir5.1 decreases instantaneous and steady-
state inward rectification. A, currents were recorded in response to 200 ms
voltage steps from −150 mV to +135 mV (incremented by 15 mV) from a
holding potential of 0 mV from cells dialyzed with medium buffered to pH 7.2
and expressing Kir4.2 (left) or Kir4.2–Kir5.1 (right). B, pooled (mean±SD,
n=12 cells per condition) instantaneous (○,●) and steady-state (Δ,▴) currents
at, respectively, 3 and 200 ms into the voltage step were expressed as fractions of
that obtained at −150 mV and plotted as a function of the step potential.
Fig. 3. Co-expression of Kir5.1 with Kir4.2 causes run-down of inwardly
rectifying K+ currents at pHi 6.6 but not pHi 7.8. A, currents were recorded in
response to a voltage ramp (see Fig. 2) every 60 s for 9 min from cells dialyzed
with medium buffered to pH 6.6 and expressing Kir4.2 (left) or Kir4.2–Kir5.1
(right). The first and ninth record is indicated. B, currents at −150 mV were
obtained every 60 s for 9 min from cells expressing Kir4.2 (Δ, ▴) or Kir4.2–
Kir5.1 (○, ●) and expressed as a fraction of current 60 s following whole-cell
attainment; pHi was 6.6 (open symbols) or 7.8 (closed symbols). The Kir4.2–
Kir5.1 pHi 6.6 data were fitted to a monoexponential decay function having a
time constant of 4.9±0.5 min and an end point of 0.19±0.03 (dashed line).
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2+ and/or polyamines are driven
into the channel and occlude the route for K+ conductance to the
outside [22]. The outward currents in response to voltage ramps
indicated differences in rectification between Kir4.2 and
Kir4.2–Kir5.1 (see Fig. 2A). To investigate this further, currents
were recorded in response to sustained (200 ms) voltage steps
negative and positive to EK (Fig. 4A). Under these conditions
inward currents at potentials negative to 0 mV were essentially
time independent for both channels. Conversely outward
currents revealed distinct differences in the amplitude of the
instantaneous currents occurring 10 ms following depolariza-
tion and those at steady state (between 50 and 200 ms into the
depolarizing step). For instance, instantaneous outward current
from a Kir4.2-expressing HEK293 cell (0.3 nA at +135 mV)
was 6.7% of current at equal but opposite driving force (4.5 nA
at −135 mV) and exhibited very little time dependence (Fig.
4A, left panel). In contrast, instantaneous outward currents in
cells expressing Kir4.2–Kir5.1 were much larger (4.9 nA at
+135 mV) relative to inward currents (16 nA at −135 mV),accounting for 30% of inward current under the opposite
driving force. Additionally, throughout the 200 ms applied
voltage outward currents between 0 and +30 mV were of equal
but opposite amplitude as currents between 0 and −30 mV,
indicating a resistance to inward rectification over this voltage
range in the heteromeric channel. Lastly, Kir4.2–Kir5.1
currents at potentials positive to +30 mV exhibited significant
time dependence, decaying within 50 ms to steady-state values
similar to those at +30 mV. The differences in instantaneous and
steady-state properties between the two channels are summar-
ized in the current–voltage relationships illustrated in Fig. 4B.
Pooled fractional currents at the beginning and end of each
voltage step are plotted as functions of the applied step
potential. Whereas both instantaneous and steady-state Kir4.2
currents show identical strong inward rectification, instanta-
neous Kir4.2–Kir5.1 currents only very weakly rectify. Steady-
state currents through the heteromeric channel remain weakly
Fig. 5. Co-expression of Kir4.2 with Kir5.2 shifts the tail current amplitude–
voltage curve to more positive potentials and reduces inactivation of inwardly
rectifying K+ currents at depolarized potentials. A, currents were recorded in
response to 200 ms conditioning steps between −150 mV and +135 mV, as in
Fig. 4A, to attain steady-state currents at each step potential. Inactivation (tail)
currents were visualized by stepping to a final voltage of +60 mV (holding
potential 0 mV). Cells expressing Kir4.2 (left) or Kir4.2–Kir5.1 (right) were
dialyzed with medium buffered to pH 7.2. B, pooled (mean±SD, n=12 cells per
condition) tail currents measured 3 ms into the +60 mV step from cells
expressing Kir4.2 (▴) or Kir4.2–Kir5.1 (●) were expressed as fractions of that
obtained at the −150 mV conditioning step and plotted as a function of the
conditioning step potential. The Kir4.2 data were fitted to a Boltzman
function having a V0.5 of −12±5 mV, slope factor of −15±2 and minimum
of 0 (solid line). The Kir4.2–Kir5.1 data were similarly fitted (V0.5 47±1 mV,
slope factor −13±0.5, minimum 0.47±0.05 dashed line), after removal of a
linear component of 0.003/mV.
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much smaller value and not significantly different from the
homomeric channel.
3.3. Kir5.1 alters the voltage-dependent inactivation properties
of Kir4.2
The deactivation, or tail, currents elicited in response to
stepping the membrane potential to +60 mV following
conditioning steps from −150 to +135 mV reveal voltage-
dependent inactivation of these currents, reflecting block of
open channels by intracellular Mg2+. Fig. 5A shows that from
−150 mV the Kir4.2 tail current deactivates over 60 ms from
13.3 nA to 0.5 nA. As the conditioning step is made more
positive the current upon stepping to +60 mV is reduced
indicating a smaller number of open channels, and at large
positive potentials tail currents are fully inactivated. The same
voltage steps do not fully inactivate Kir4.2–Kir5.1, as indicated
by deactivating tail currents from all conditioning steps positive
or negative to +60 mV. To allow a statistical analysis of the
voltage dependence of inactivation, current amplitudes from
conditioning steps between −150 and +135 mV were expressed
as fractions of that obtained at −150 mV. Tail current amplitude
was calculated as the difference between current immediately
following the step to +60 mVand the steady-state current 60 ms
later. The pooled data from cells expressing Kir4.2 were fitted to
a Boltzmann distribution (Fig. 5B, solid line). In contrast, mean
Kir4.2–Kir5.1 current showed a Boltzmann function on a
background linear decrease in active channels with depolariza-
tion (fractional decrease in tail current amplitude of 0.3%/mV).
To extract and analyze the sigmoidal component we subtracted
the data from the linear function and obtained the dashed curve
illustrated in Fig. 5B. The slope factors for both fitted curves
(Kir4.2=14.9±2.1, Kir4.2–Kir5.1=13±0.5) are not signifi-
cantly different, indicating no change in voltage sensitivity of
the channels. However, the potential at half-maximum current is
shifted from −13±4.9 (Kir4.2) to +47±0.6 mV (Kir4.2–
Kir5.1) demonstrating a 60 mV positive shift in voltage gating
in the heteromeric as compared with the homomeric channel.
Further, whereas all of the Kir4.2 channels inactivate above
+30 mV, over 50% of the current carried by Kir4.2–Kir5.1
channels is maintained between +75 and +135 mV.
3.4. Kir5.1 alters the kinetics of Mg2+ block and unblock of
Kir4.2
As stated earlier, inward rectification is a consequence of
polyvalent cations blocking outward K+ flow. In our experi-
ments 1 mM Mg2+ was present in the intracellular medium,
suggesting that the rectification properties are a result of Mg2+
block within the channel. Since rectification of Kir4.2 is
significantly affected by co-expression with Kir5.1 we wished
to identify how the block and unblock kinetics were altered in
the homo- and heteromeric channels. To assess Mg2+ blocking
kinetics, membrane potential was stepped to between +15 and
+90 mV from a holding potential of −100 mV so as to have all
channels in their active state. As noted in Fig. 2A, instantaneousoutward currents from Kir4.2 are greatly reduced, indicating a
rapidly inactivating component in addition to a slower phase.
Hence these traces were best fitted to a biexponential decay
function. Conversely, the larger Kir4.2–Kir5.1 currents were
well fitted to a monoexponential decay function (Fig. 6A).
Kir4.2 decay was voltage independent and proceeded with
mean time constants of between 0.5 and 1 ms, and 10 ms (Fig.
6B). The decay time constant for Kir4.2–Kir5.1 fell between 3
and 8 ms and showed a shallow tendency towards increasing
with membrane potential depolarization. These results indicate
that both channels have a relatively slowly associating Mg2+
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blocked at least 10 times more rapidly by Mg2+.
Mg2+ unblocking kinetics of Kir4.2 was also significantly
affected when Kir4.2 was expressed as the heterotetrameric
channel with Kir5.1. For these experiments the membrane
potential was held at +100mV to inactivate (occlude withMg2+)
as many channels as possible, prior to steeping back to between
−15 and −60 mV (Fig. 7A). The resulting reactivation currents
reflect unblock of Mg2+. These traces were well fitted to a
monoexponential function and the pooled time constants of
unblock are plotted in Fig. 7B. Both channels exhibit voltage-Fig. 7. Co-expression of Kir4.2 with Kir5.1 increases the unblocking/activation
rate of inwardly rectifying K+ currents at hyperpolarizing potentials. A, currents
were recorded from cells expressing Kir4.2 (left) or Kir4.2–Kir5.1 (right)
channels in response to 75 ms steps between −60 mV and −15 mV (15 mV
incremented) from a conditioning step to +100 mV for 100 ms to attain steady-
state block all Kir channels. B, unblock (activation) at potentials negative to EK
(0 mV) was best fitted to a monoexponential function as described in Materials
and methods for both channels. Pooled (mean±SD, n=6–12 cells per condition)
time constants from cells expressing Kir4.2 (▴) or Kir4.2–Kir5.1 (●) are plotted
as functions of the step potential.
Fig. 6. Co-expression of Kir4.2 with Kir5.1 decreases blocking rate of inwardly
rectifying K+ currents at depolarizing potentials. A, currents were recorded from
cells expressing Kir4.2 (left) or Kir4.2–Kir5.1 (right) channels in response to
75 ms steps between −30 mV and +90 mV (15 mV incremented) from a
conditioning step to −100 mV for 100 ms to fully unblock all Kir channels. B,
block (inactivation) at potentials positive to EK (0 mV) was best fitted to a
mono- (Kir4.2–Kir5.1) or biexponential (Kir4.2) function as described in
Materials and methods. Pooled (mean±SD, n=6–12 cells per condition) time
constants from cells expressing Kir4.2 (Δ, ▴) or Kir4.2–Kir5.1 (●) are plotted
as functions of the step potential. P<0.5 as compared with the slow component
of Kir4.2 block.dependent unblocking of Mg2+. Kir4.2 has significantly larger
time constants at all voltages, and they are increasingly larger
relative to Kir4.2–Kir5.1 as the membrane is depolarized. For
example, at −60 mV the mean tau (unblock) for Kir4.2 is about
1.7 times larger than that for Kir4.2–Kir5.1, and this increases
to 5.2 times larger at −15 mV, indicating a much slower
unblocking rate by the homomeric channel at the depolarized
potentials.
4. Discussion
Homo- and heteromeric channels made up of native subunits
provide a model to test the structure/function relationships of Kir
channels. Here we report a steady state and kinetic comparison
of Kir channels made up of Kir4.2 monomers or Kir4.2–Kir5.1
tandem dimers expressed in HEK293T cells. Using information
from primary sequences, crystal structures, and mutation versus
wild-type functional analysis of other Kir channels, our results
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rectification and pHi-dependent run-down in these physiologi-
cally important K+ channels, and are discussed in terms of
current models of pHi-dependent PIP2 association and Kir
channel stability. In addition, many aspects of Kir5.1 modulation
of Kir4.2 activity cannot be explained by the Kir1.1 and Kir2.1
models of, respectively, weakly rectifying, low PIP2 affinity and
pHi sensitive channels, or strongly rectifying, high PIP2 affinity,
pHi-insensitive Kir channels. In combination with earlier work
on related channels, our results suggest that PIP2 degradation
permits titration of a previously buffered group, which then leads
to a pHi-dependent gating event. In this discussion, domain
nomenclature is used that was originally described for the crystal
structures of the Kir3.1 cytoplasmic domain [23,27] and the
transmembrane domain of KirBac1.1 [14].
4.1. pHi-dependent rate of Kir4.2 run-down is increased by
Kir5.1
Although some pHi-sensitive properties of Kir4.2 and Kir5.1
have been reported earlier [28], these do not include any kinetic
analyses. Here we show that whole-cell currents in HEK293
cells dialyzed with weakly acidic solutions and expressing
Kir4.2 monomeric channels are resistant to run-down, whereas
cells expressing the heteromeric Kir4.2–Kir5.1 channel
decayed fully within 9 min.
Run-down is a much slower process than gating (minutes as
opposed to seconds), is accelerated at more acidic pHi and,
unlike pHi-dependent gating, is irreversible in the absence of
exogenous PIP2 due to Mg
2+-dependent loss of the phospho-
lipid from the plasma membrane [12,17]. In our experiments we
did not include lipid phosphatase inhibitors, and hence a
significant fraction of the slow decay in Kir4.2–Kir5.1 activity
we observed could be due to loss of PIP2 from a site having
lower affinity than in the homomeric Kir4.2 channel. Results of
mutagenesis studies indicate that basic residues at the interface
of the plasma membrane and the cytoplasmic domain are
involved in PIP2 association [5,12]. These are identical in
Kir4.2 and Kir5.1, and in fact most other Kir channels, so
additional site(s) must be involved in conferring different
affinities to PIP2. One possibility is the presence of an
uncharged residue instead of an arginine at the N-terminal end
of the Slide Helix, coined the ‘PIP2-silent site’ from studies on
Kir1.1 [31]. Channels having PIP2-silent sites (Kir1.1, Kir4.1,
Kir4.2 and Kir5.1) are proposed to have lower affinities for PIP2
and hence are more sensitive to physiological pHi [31].
Conversely, channels with high PIP2 affinity such as Kir2.1
are more resistant to run-down than those (e.g. Kir1.1) with
lower affinity [12]. Mild acidification increases the rate of run-
down in channels with weaker PIP2 interaction [2]. However,
the homotetrameric Kir4.2, which has a neutral leucine in the
PIP2-silent site, is neither sensitive to the physiological range of
pHi, nor susceptible to run-down. Further, run-down appeared
when Kir4.2 was expressed with Kir5.1, in which two leucine
residues are replaced with neutral and less bulky serines. An
alternative explanation, based on the earlier proposal that the
lower PIP2 affinity of Kir2.3 as opposed to Kir2.1 is aconsequence of the presence of a bulkier isoleucine residue,
rather than leucine, at the N-terminal end of beta strand D [2],
is also not sufficient to describe the differences in run-down
between Kir4.2 and Kir4.2–Kir5.1. Kir4.2 also has a leucine
at the equivalent position, in addition to the PIP2-silent site
and yet it is resistant to run-down. In Kir5.1 the leucine/
isoleucine position is filled by the slightly bulkier valine,
which might possibly reduce PIP2 affinity and increase the
rate of run-down.
4.2. Mg2+-dependent inward rectification
Rectification properties of Kir4.2 and Kir4.2/Kir5.1 channels
have not been described. However, the different complement of
charges at the three rectification sites previously identified in
Kir channels make these physiologically relevant models for
testing the roles of these sites as rectification determinants in
native heterotetrameric channels. Based on instantaneous and
steady-state current–voltage relationships, and kinetics of
inactivation and recovery, our results show that coexpression
with Kir5.1 significantly decreases the rectification strength of
Kir4.2. As compared with the homomeric channel, Kir4.2–
Kir5.1 has two of four Inner Helix acidic glutamate residues,
implicated in Mg2+ block, replaced with neutral asparagines.
The two additional sites involved in rectification, acidic
residues in beta strands D and H of the cytoplasmic domain,
do not play significant roles in Kir4.2 since two of four neutral
glutamines in the beta D strand are replaced with glutamates in
the more weakly rectifying heteromeric channel, and neutral
residues fill the corresponding acidic position in beta strand H.
At the steady-state level our data are consistent with other native
or non-native heteromeric Kir channels. For instance, co-
expression of the weak rectifiers Kir1.1 or Kir3.4 with,
respectively, the strong rectifiers Kir4.1 or Kir3.1 significantly
decreased inward rectification [6,7].
Voltage-dependent block of inward rectifiers by Mg2+ or
polyamines is routinely assessed from steady-state activity-
voltage profiles [3,15,19,20,26,40]. In general, weaker rectifiers
have a positively shifted profile that may attain a minimum
steady state current above zero, indicating a fraction of current
that is not blocked. Here we analyzed fractional deactivation
current amplitude following steady-state attainment over a
range of membrane potentials and demonstrated that voltage-
dependent rectification of the strong rectifier, Kir4.2, is shifted
60 mV positive to EK when expressed with Kir5.1 indicating a
significant shift in the voltage gating of Kir4.2. Similarly, the
open probability–voltage relationship of Kir2.1 channels
containing either two adjacent mutated monomers (D172N) or
all four subunits expressing D172N shifts 21 mV or 73 mV
positive from the wild-type channel [24]. Kir4.1 channels also
undergo a 135 mV positive shift when all glutamates are
neutralized (E158N), whereas coexpression with Kir2.1
resulted in an intermediate voltage sensitivity [3]. Thus the
native heteromeric Kir4.2–Kir5.1 channel reflects the same
shift in voltage sensitivity as the mutant channels, and this may
be attributed mainly to the loss of two negative charges in the
Inner Helix.
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In addition to the differences in steady-state rectification
observed between Kir4.2 and Kir4.2–Kir5.1, we also demon-
strated that Mg2+ blocking and unblocking rates were
significantly different in the two channels. Specifically,
expression of Kir5.1 with Kir4.2 eliminated the fast component
of block upon depolarization and increased the unblocking rate
at hyperpolarizing potentials. In other words, the affinity of
Kir4.2 for Mg2+ decreases when expressed as a heteromeric
channel with Kir5.1. The simplest explanation for this
phenomenon is that the loss of the two negative charges within
the Inner Helix in the heteromeric channel reduces the affinity
of the pore-plugging site for Mg2+. Slow unblock of wild-type
Kir2.1 channels also became pseudo-instantaneous when the
equivalent residue was neutralized [24,33,43]. Similarly, the G-
protein regulated Kir channels unblock, or activate, succes-
sively faster as the ratio of Kir3.4 (neutral Inner Helix residue)
to Kir3.1 (acidic residue) is increased in heterologous expres-
sion systems [6,16]. However, the most closely related channel
to Kir4.2, Kir4.1, behaves in a completely opposite manner,
converting from time-independent activation to a very slowly
activating channel (τ 1.8 s) when co-expressed with Kir5.1 [29].
The basis for this discrepancy is not clear although involvement
of additional unidentified residues cannot be ruled out.
The cytoplasmic domain also contributes to Mg2+ affinity,
since block of Kir2.1 is successively slower as compared with
the wild-type channel when, respectively, the beta strand D or H
glutamate residue is mutated to glycine or serine [13]. In each of
the slower blocking and faster unblocking/activating channels
(i.e., weaker rectifiers), expression of the beta D and H strand
acidic residues varies between none and two. Specifically,
Kir1.1 has four acidic residues per conducting tetramer, while
the Kir3.1–Kir3.4 and Kir5.1–Kir4.2 have, respectively, six
and two glutamates per heterotetramer. The two distantly related
heterotetrameric channels best illustrate the stronger influence
of the Inner Helix acidic residues on block and unblocking
kinetics, as compared with those in the cytoplasmic domain. In
both cases the potential faster block and slower unblock due to
the increase in beta D and H negative charge is overridden by
the loss of the two acidic residues in the Inner Helix (here and
[6]).
4.4. Physiological consequences of Kir5.1 association with
Kir4.2
The present results implicate Kir5.1 in rendering Kir4.2
sensitive to intracellular Mg2+ and polyamines, and cellular
PIP2 level, in addition to the previously reported pHi sensitivity.
This increased sensitivity to normal physiological consequences
of cellular growth and metabolism would permit fine-tuning of
K+ release and hence membrane potential and cell volume
maintenance. In the hepatocyte, where we have previously
demonstrated the presence of message and protein for Kir4.2
[10], Kir4.2–Kir5.1 expression would provide charge equiva-
lents for maintaining anion efflux and bile generation, and a
means of regulating K+ loss under weakly acidic pHiconditions. Although evidence for the existence of Kir channels
in isolated hepatocytes has been reported at the single channel
level [1,9], no one has yet demonstrated these under whole-cell
recording conditions. The present work offers an explanation
for this, in that under experimental conditions used for
recording hepatocellular whole-cell currents, PIP2 would not
be maintained and the currents would be expected to run-down
upon initiation of cytoplasmic dialysis.
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